Long-term associations of outdoor air pollution http://thorax.bmj.com/cgi/content/full/62/12/1088 Updated information and services can be found at: Background: Recent studies have indicated long-term effects on mortality of particulate and sulphur dioxide (SO 2 ) pollution, but uncertainties remain over the size of any effects, potential latency and generalisability. Methods: A small area study was performed across electoral wards in Great Britain of mean annual black smoke (BS) and SO 2 concentrations (from 1966) and subsequent all-cause and cause-specific mortality using random effect models within a Bayesian framework adjusted for social deprivation and urban/rural classification. Different latencies and changes in associations over time were assessed. Results: Significant associations were found between BS and SO 2 concentrations and mortality. The effects were stronger for respiratory illness than other causes of mortality for the most recent exposure periods (shorter latency times) and most recent mortality period (lower pollutant concentrations). In pooled analysis across four sequential 4 year mortality periods , adjusted excess relative risk for respiratory mortality was 3.6% (95% CI 2.6% to 4.5%) per 10 mg/m 3 BS and 13.2% (95% CI 11.5% to 14.9%) per 10 ppb SO 2 , and in the most recent period (1994-8) it was 19.3% (95% CI 5.1% to 35.7%) and 21.7% (95% CI 2.9% to 38.5%), respectively. Conclusions: These findings add to the evidence that air pollution has long-term effects on mortality and point to continuing public health risks even at the relatively lower levels of BS and SO 2 that now occur. They therefore have importance for policies on public health protection through regulation and control of air pollution.
W
hile time series studies have indicated short-term associations between ambient air pollution and mortality, 1 long-term effects on mortality are less well understood, although potentially more important for public health. 2 Early studies of long-term effects were mainly ecological in design across large geographical areas. 3 4 More recently, cohort or case-control studies with individual level health data have investigated these effects for a range of pollutants including particle mass (eg, total suspended particles, PM 10 or PM 2.5 ), black smoke (BS), nitrogen oxides (NO x , NO 2 ), ozone, sulphates and sulphur dioxide (SO 2 ). Although some studies have used exposure data modelled at the individual level, [5] [6] [7] [8] [9] [10] [11] most involved a semi-individual design 12 in which fixed site air pollution measurements were extrapolated to give city-wide or regional averages, with data on potential confounders available at the individual level. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In most cases the air pollution estimates covered relatively short periods, either slightly before or concurrent with the mortality data. Few studies investigated potential latency effects 14 16 19 24 or explored changes in associations between air pollution and mortality over time. 14 18 19 21 We report here associations between mortality and concentrations of BS and SO 2 based on measurements from the dense national network of air monitoring sites in Great Britain. The aim was to quantify the patterns of geographical associations at the small area (local) scale for different exposure latencies and over time, in the context of declining air pollution concentrations.
METHODS

Study design
The study design is summarised in fig 1. The study population comprised people aged 30+ years and analysis was at the electoral ward level; the mean (SD) study population was 5301 (2560) and the mean (SD) area was 7.4 (15.1) km 2 . To provide stable small area mortality data, we summed deaths over four 
Pollution data
We obtained locations (10 m resolution) and annual average concentrations of BS (mg/m 3 ) and SO 2 (ppb) for monitoring sites operating between April 1966 and March 1994 (inclusive) from the Great Britain air quality archive (www.airquality.co. uk). Sites were selected only if they were located in areas defined within the site records as wholly or partially residential. To provide ward level exposure indices, site locations were intersected with 1991 ward boundaries in a Geographical Information System and a single measure per ward was calculated for each 4 year exposure window, starting in 1966-70 and finishing in 1990-4. While most wards contained only one site, 76 contained two or more. The national monitoring network is not fixed so individual sites were closed, opened or moved at different times, both because of rationalisation of the network and in response to changing levels of air pollution. To provide a consistent and, as far as possible, continuous data set for exposure assessment, site records were joined ''end on'' where one site simply replaced another in the same ward; where two or more sites operated concurrently in the same Abbreviations: ACS, American Cancer Society; BS, black smoke; PM, particulate matter; SO 2 , sulphur dioxide ward, the series with the longest and most complete run of data was used (or one site was selected randomly if the series were of the same length). We selected wards for analysis only if they had at least 75% daily data capture during at least 2 years in each of the 4 year exposure windows. This approach gave a consistent set of wards associated with each mortality period (fig 1) . We also examined data for a subset of these wards (n = 63) for which air pollution data were available for the whole study period.
Population and socioeconomic data Population counts (by age and sex) were obtained for each ward from the 1991 census. In the absence of individual measures of socioeconomic status, the Carstairs score was computed to provide a composite area level measure of social deprivation based on four census variables: social class, overcrowding, car ownership and unemployment. 25 The Carstairs score was standardised to have mean 0 and standard deviation of 1 across wards in Great Britain.
Wards were classified as urban or rural by discriminant analysis to extrapolate the Countryside Agency classification of rural wards 1998-91 based on the satellite-derived Land Cover Map of Great Britain. 26 Mortality data Mortality data, stratified by age (30+ and 65+ years) and sex, were obtained from the national mortality database for all causes, cardiorespiratory disease (International Classifications of Disease version 9, 390-519), cardiovascular disease (390-459), respiratory disease (460-519), lung cancer (162) and all other causes. Mortality data were linked to the relevant 1991 wards by residential postcode (average approximately 12 residential properties) and aggregated for each 4 year mortality period.
Statistical analysis
Variation in pollutants across wards and over time was explored by correlation and variance components analyses. Expected mortality rates (standardised by age and sex) were calculated for each ward using national mortality rates for the appropriate period. Observed deaths for each ward were modelled as Poisson, with a log-linear function for pollutant concentration, and a (log-normal) random intercept to allow for possible overdispersion in the Poisson model. We estimated excess relative risks for each cause of death for all mortality periods combined and for each period separately in relation to average pollutant concentrations in the immediately preceding 4 year exposure window (0-4 years), and then separately with each of the preceding windows (5-8, 9-12 and 13-16 years). Excess relative risks were also estimated for exposure windows of progressively increasing duration (0-8, 0-12, 0-16 years). To capture socioeconomic contrasts between wards, including the possibility of non-linearity, Carstairs scores were categorised into study-specific deciles. Analyses were conducted both without and with adjustment for deprivation and urban/rural classification for each pollutant. Joint models for the two pollutants together were also run. Quadratic terms were fitted to check for non-linearity. Primary analyses were done for the population aged 30+ years and selected analyses were repeated for those aged 65+ years.
Models were fitted within a Bayesian framework using Markov chain Monte Carlo methods. The results were robust to choice of priors. Owing to the possibility of residual spatial correlation (ie, mortality for wards in close proximity being more similar than for distant wards), selected models were Figure 1 Outline of study design. Exposure windows and mortality periods run from April 1 to March 31 in the relevant years. extended to incorporate spatially structured random effects. We modelled the correlation in mortality between wards as an inverse exponential function of distance 17 21 based on the ward centroids; data were geographically too sparse to support the use of more complex models.
RESULTS
The characteristics of the wards meeting the selection criteria are summarised in table 1. Study wards were both more urbanised and more deprived than the national average: 78-82% of study wards were classified as urban compared with 42% nationally, while median Carstairs scores over the four health periods were equivalent to the 73rd, 80th, 81st and 81st percentiles nationally in a ranking of wards from least to most deprived. Study populations ranged from over 2 million for the first mortality period to 660 000 for 1994-8. A total of 420 776 deaths were included. Associations between social deprivation and air pollution changed over this period. For the first four exposure windows (1966-70 to 1982-6), concentrations of both BS and SO 2 were significantly higher in more deprived wards than in less deprived wards (p,0.03), after which there were no significant differences. There were also no differences in concentrations between urban and rural wards, except for SO 2 in the first three ÀAdjusted for deprivation and urban/rural classification. 
Variations in air pollutant concentrations
exposure windows when concentrations in urban wards were slightly higher than in rural wards.
Excess risks for different exposure latencies Estimated excess relative risks (population age 30+ years) for a difference of +10 mg/m 3 in BS concentrations and +10 ppb in SO 2 concentrations across all mortality periods combined for each exposure window are summarised in tables 2 and 3, respectively.
Unadjusted excess risks were positive and significant for both pollutants (p,0.05); they declined with increasing duration of exposure beyond 0-4 years (ie, for 0-8, 0-12 and 0-16 year exposure windows). For both pollutants adjustment reduced estimated risks, especially for lung cancer for which associations were no longer significant at 0-4 years. For BS, excess risks tended to decline with increasing latencies for all outcomes except lung cancer; for SO 2 , excess risks were highest for the most proximal two exposure windows (0-4 and 5-8 years). When a spatial component was incorporated in the models, the estimated excess relative risks did not change but the credible intervals shrank slightly. For models containing both pollutants simultaneously, patterns for SO 2 were similar although excess risks for BS were reduced (see table 1 in online supplement available at http://thorax.bmj.com/supplemental).
For both pollutants the largest excess relative risks were found for respiratory mortality. For the 0-4 year exposure window, adjusted excess relative risks were 3.6% (95% CI 2.6% to 4.5%) per 10 mg/m 3 for BS and 13.2% (95% CI 11.5% to 14.9%) per 10 ppb for SO 2 . When we included both pollutants together, adjusted excess risk at 30+ years for BS fell to 20.7% (95% CI 21.7% to 0.4%) while that for SO 2 rose marginally to 13.9% (95% CI 12% to 15.9%) (see table 1 in online supplement available at http://thorax.bmj.com/supplemental). Repeating the single pollutant models for the 0-4 year exposure window for the population aged 65+ years (which accounted for 90% of deaths) gave almost identical estimates of excess risk for both pollutants (see table 2 in online supplement available at http:// thorax.bmj.com/supplemental). Figure 2 shows adjusted excess relative risks (age 30+ years) by mortality period for the preceding 0-4 year exposure window. Risks were significantly raised in the first mortality period (1982-6) for each cause of death other than lung cancer and, for BS, also in the most recent period (1994-8) for all causes, cardiorespiratory and respiratory mortality (respiratory only for SO 2 ). For both pollutants the largest excess relative risks were found for respiratory mortality in the 1994-8 period: for BS the mean estimate was 19.3% (95% credible interval 5.1% to 35.7%) per 10 mg/m 3 and for SO 2 it was 21.7% (2.9% to 38.5%) per 10 ppb; with both pollutants considered together the excess risk reduced to 8.4% (95% CI 29.5% to 16.6%) for BS and 17.8% (95% CI 1.1% to 43.8%) for SO 2 . There was no evidence that excess risks were greater in the more deprived areas. Tests of interaction with deprivation were non-significant for BS in all mortality periods; for SO 2 there was one significant interaction (p = 0.02) for the first mortality period, but this reflected higher mortality in the less deprived decile of wards (see tables 3 and 4 in online supplement available at http://thorax.bmj.com/supplemental). There was also no significant interaction with sex for any of the four mortality periods, although excess risks tended to be slightly higher among men than women.
Excess risks by mortality period
Regressions of adjusted excess relative risks of respiratory disease mortality against BS and SO 2 concentrations (0-4 years exposure window) by mortality period showed the steepest regression lines in the most recent period (fig 3 posted online only, see http://thorax.bmj.com/supplemental). We repeated the main analyses on the set of 63 wards that were included throughout the study period (not shown). Compared with the full set of wards, these 63 wards showed no significant differences by surface area, population density, socioeconomic status or urban-rural classification. As for the main analyses, excess relative risks for both pollutants tended to be highest in the most recent mortality period and to decline with increasing latency.
DISCUSSION
Significant excess relative risks of mortality were found to be associated with long-term exposures to BS and SO 2 across electoral wards in Great Britain. The risks were largest for respiratory mortality in the most recent period and with the most proximal measure of exposure (0-4 years). Larger effects also tended to be seen at lower pollutant concentrations, echoing results from acute studies 27 and arguing against a threshold in the exposure-response relationship.
Our results are broadly consistent with those from other recent studies that used individual or semi-individual designs. For SO 2 , the largest to date is the American Cancer Society (ACS) study across 151 cities in the USA. 17 21-23 Re-analysis of the ACS data 17 gave significant excess risks of all-cause mortality of 5% per 10 ppb SO 2 , 6% for cardiorespiratory mortality and 5% for all other causes compared with 4.2%, 5.2% and 3.5% in our study (all mortality periods, 0-4 year exposure window). In contrast, no significant increases were seen for allcause or cardiorespiratory mortality in the Seventh-Day Adventists Cohort Study in the USA or the PAARC study in France, 5 15 nor for all-cause mortality in the follow-up of 17 000 adult men in Oslo. 10 The Seventh-Day Adventists Study did report a large excess risk for lung cancer although no excess risk of lung cancer was seen in the Oslo cohort. 5 9 Black smoke has generally not been investigated in the USA, where studies of particulates have focused on particle mass. In Europe the Dutch cohort study 7 found a 17% (95% CI 224% to 78%) adjusted excess risk for all-cause mortality per +10 mg/m 3 higher background concentrations of BS, and a 32% (95% CI 22% to 78%) excess for background plus local (ie, trafficrelated) concentrations. For cardiorespiratory mortality the excess risks were 34% (95% CI 232% to 164%) and 71% (95% CI 10% to 167%), respectively. The few other studies of BS reported in recent years have found lower risk estimates (with narrower confidence intervals). The PAARC study reported a 7% (95% CI 3% to 10%) excess for all-cause mortality but no significant excess for cardiorespiratory mortality or lung cancer across 18 areas in France; when an additional six areas affected by local traffic were included, the observed risks were reduced. 15 We found that the effects of SO 2 predominated over BS in joint models; in the ACS re-analysis, coefficients for fine particles were also markedly reduced when SO 2 was included as a covariate, 17 although in the Seventh-Day Adventists Study no change was reported in the regression coefficients for PM with SO 2 included, implying that they had independent effects. 5 Our findings need to be interpreted with caution because of spatial co-linearity between the two pollutants and the possibility of differential measurement errors that might have favoured SO 2 over BS.
Latency and temporal effects
The availability of long-term high resolution pollution data allowed us to explore latency effects and changes in the associations between air pollution and mortality over time. Other than for lung cancer, the effects on mortality were greater for the most proximal exposure windows than for longer latencies and for short (0-4 year) rather than longer (eg, 0-16 years) durations of exposure. For lung cancer the absence
These results echo findings for fine particulate matter in the ACS study in which higher relative risks were found for the more recent period of follow-up (1999-2000) compared with the earlier period (1979-83) 21 although, in long-term follow-up of the Six Cities Study, relative risks were comparable for 1974-89 and 1989-98. 18 Over the study period the concentrations of BS and SO 2 fell markedly in Great Britain, largely as a result of the introduction of emission controls, economic restructuring and technological changes. 28 At the same time the source contributions to BS have changed. Historically, the most important sources were from coal combustion in industry, domestic heating and power stations. Between 1970 and 2000 the contribution from coal combustion fell from 80% to 32% while that from vehicle diesel fuel rose from 9% to 44%. 29 Reflecting these changes, the relationship between BS and both particle mass and particle number have changed as has the composition of the particles concerned. 30 Diesel particles, for example, are typically both finer than those from industrial sources and less black. Analysis of national emissions data 29 shows that, while total emissions have declined since 1970, the ratio of PM 10 to BS emissions has increased from approximately 0.5 to 0.7. Reflecting this, BS concentrations have fallen more sharply than those of PM 10 and it now makes up only about 30% of the PM 10 fraction, the balance coming from nitrate aerosols. [28] [29] [30] There is also limited evidence that, while PM concentrations have declined, particle number concentrations have stayed more or less constant or have declined only slightly over the last 15 years. 30 The apparently higher excess risks per unit of BS seen in our study for later periods might thus be because each unit of BS now represents a larger mass concentration (and number) of particles than in the past. Equally, the changing composition of the particle fraction means that PM is now characterised by higher proportions of more toxic water soluble and bioreactive materials. 31 Results from the Six Cities Study, 32 for example, showed a 3.4% (95% CI 1.7% to 5.2%) increase in mortality associated with traffic-related PM 2.5 compared with a 1.1% (95% CI 0.3% to 2.0%) increase for industrially derived PM 2.5 . Time-series studies have also reported higher coefficients for BS in Western European cities where diesel vehicles are more abundant than in Eastern Europe which is still dominated by coal combustion sources. 33 34 The stronger effects seen in more recent years might therefore be evidence of increasing toxicity of the primary (mainly diesel-related) component of fine particles compared with the industrial particles that have dominated in the past.
Similar issues arise in relation to SO 2 . In the UK this is measured as strong acidity. Historically, SO 2 played an important role in sulphuric acid formation which, in turn, was the main contributor to atmospheric acidity. With the decline of coal burning, atmospheric acidity has declined but SO 2 now acts as an important precursor for sulphate formation which is, in turn, implicated in secondary particle generation. 35 The somewhat larger coefficients seen in our results for SO 2 in more recent years might be because SO 2 is now acting as a marker for sulphates, which Schwartz and Neas 36 have suggested has a major role in explaining the health effects of particles. The evidence for this remains weak, 37 however, and an alternative interpretation is that SO 2 is acting as a more indirect proxy for secondary fine particles; although not reflected in BS concentrations, these contribute substantially to particle mass and, even more so, number.
Artefactual explanations for the higher apparent excess risks in the most recent periods and with shorter latency also need to be considered. While pollution levels declined markedly over the study period, there were smaller declines in mortality rates, although the spatial distribution of mortality remained largely unchanged. In later periods much the same variation in mortality rates was therefore being ''explained'' by an attenuated range in pollutant concentrations, potentially inflating the regression slope relating the two. The possibility of such artefactual effects may also hold true in other studies that used recent (or concurrent) data on air pollution where longer latencies might be involved and, as such, merits further investigation.
We found the strongest effect for respiratory mortality. The respiratory tract is the primary site of contact with airborne pollutants, and respiratory mortality is strongly implicated in the acute effects of air pollution. 1 In the ACS study, in contrast, the excess relative risk of cardiorespiratory disease was primarily due to cardiovascular rather than respiratory disease. 17 The mechanism for the effect of airborne pollutants on cardiorespiratory risk is the subject of intense research interest. 38 A major focus is the occurrence of an inflammatory response and oxidative stress in the lung, 39 activating specific transcription factors which upregulate the expression of genes for cytokines, chemokines and other proinflammatory mediators. 40 Systemic effects may lead to increased coagulability, cytokine release and increased risk of cardiovascular events. 40 Such mechanisms could explain the relative short latency of events noted in our study.
Limitations
The ecological nature of this study meant that we did not have access to individual level exposure data. The uneven distribution and locality-specific nature of the monitoring sites precluded application of interpolation techniques, such as kriging, 41 to model small area variations in pollutant concentrations. Detailed land cover and emissions data were also not available for the study period, preventing the use of dispersion modelling or land use regression methods. 41 42 Instead, we measured concentrations from the monitoring sites in each ward. Wakefield and Shaddick 43 have shown that, where the monitoring network is sparse relative to the study area, the use of predicted concentrations can produce serious bias in effect parameters because the number of monitors is not sufficient to characterise the concentration surface. Nonetheless, our approach has limitations because it implies that air pollution levels are relatively uniform in the area around the site. To the extent that this does not hold true, the effect estimates may be biased if the error structure is classical rather than Berkson. 44 By restricting the analysis to electoral wards that contained a monitoring station, however, we reduced the potential for such errors: the small size of these wards (average area 7.4 km 2 ) means that the exposure measures were much more localised than in previous studies that have used data from routine monitoring sites. 13 23 We also had no access to individual data on potential confounders. This raises the possibility of ecological bias and residual confounding, although previous semi-individual studies have not indicated strong effects of confounders other than smoking 7 9 13 14 21 23 and the small area scale should help to reduce any such effects. 44 Specifically, Pope et al 23 have argued that results of semi-individual studies such as the ACS are consistent with those of ecological studies across populations in the USA 45 and are unlikely to have been affected by residual confounding. Although small area data were not available for the study period on specific behaviours and risk factors such as tobacco consumption (eg, from VAT returns) or diet, the Carstairs score-which was used to adjust for area level socioeconomic confounding-is highly correlated with smoking. 46 This was evidenced here by the large reduction in excess risks for lung cancer after adjustment for deprivation. In addition, the Carstairs score for 2001 correlates with ward level measures of income, employment and education derived from the national Index of Multiple Deprivation 2004 47 (R = 0.94, 0.84 and 0.77, respectively, across 10 528 wards in England). We used an urban-rural classification of wards to adjust for well established differences in health between urban and rural areas. 48 Because monitoring has tended to be focused in areas with suspected air pollution, the study wards may have been more polluted than average. This cannot be confirmed directly because of lack of monitoring in other areas, but examination of the maps of SO 2 distribution for the early 1970s, inferred from lichen studies, 49 indicates that the study wards were generally in the upper 50% of the concentration range that pertained at that time. It is not to be expected that this would bias our results, however, as the risk estimates are based on comparisons of air pollution and mortality across the included wards, not across Great Britain as a whole.
The small area design, together with changes in the monitoring network and in the availability of pollution data for different exposure periods, means that the study populations were not fixed over time. However, results for the 63 wards that were included throughout the study period did not differ materially from those for all the wards considered. We relied on population estimates from a single point in time (1991 census) as annual small area population counts are not available, but denominator errors are likely to be small. Comparisons of population numbers between the 1991 and 2001 census for 1182 wards whose boundaries have not changed showed mean (SD) increases of 8 (10.4)%, with smaller increases (6.7% and 7.3%) in wards in the two most deprived quintiles nationally (which characterise our study population). Annual migration rates are also limited. Nationally, about 10% of people change address each year, but some 56% of this movement (1991 census) was within 5 km and inter-ward migration in the wards studied here is probably of the order of 2-3% per year.
CONCLUSIONS
In conclusion, our findings from the extensive British data add to the evidence that air pollution has long-term effects on mortality, and point to continuing public health risks even at the relatively lower levels of BS and SO 2 that now occur. They thus have importance for policies on public health protection through regulation and control of air pollution.
